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ABSTRACT

In January 2002, tine synchroni zed underwater pictures
and echol ocation signals of a free-swinmng bottlenose
dol phin were recorded. More than 80 experinmental trial
runs were recorded at the Space and Naval Warfare Center’s
Marine Manmmal Facility in San Diego, California. The
apparatus recorded 30 underwater images per second and
sonar signals up to 390 kHz. Data anal ysis shows w de
transmtting beam patterns at frequencies |ower than 135
kHz contain a majority of the energy in the echol ocation
signal, agreeing with previously docunented work. However,
further analysis shows significant energy at higher
frequencies. Early in the experinment, the dol phin steered
narrow high frequency signals and adjusted the energy
content in those different frequencies while scanning the
target. To emt these high frequency conponents, the
dol phi n changed the wave shape of the emtted sound pul se.
As the experinment progressed, the animal's task becane
routine and the high frequency signals were noticeably
absent until |ow frequency noise was projected into the
water, at which time the high frequencies were again
present in the emtted sound pul ses. Resultant transmtting
beam patterns provide excellent evidence of the presence of
hi gh frequency sound em ssions, and al so indicate how these

signals are used during echol ocation tasks.
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I . I NTRCDUCTI ON

In the past forty years, scientists have conducted
extensive research to gain know edge about marine mamal
sonar. Trenendous effort has been specifically focused on
bottl enose dol phins’ (Tursiops Truncatus) abilities to use
bi ol ogi cal sonar (biosonar) to detect objects underwater
and buried in ocean sedinent. Experinments conducted in the
1980s did not record significant dol phin sound eni ssions
above 150 kHz.[Ref. 1] In the last five years, however,
scientists identified and confirnmed the exi stence of higher
frequencies in dolphin echolocation signals.[Ref. 2]
Further investigations into these high frequency conponents
are currently being conducted by the Naval Postgraduate
School and the Space and Naval Warfare Systenms Center in
San Diego, California (SSC-SD). This thesis presents the
results of analyses of echolocation transmtting beam
patterns of the bottl enose dol phin, including the recently

di scovered high frequency conponents.

A. BACKGROUND

Au conpil ed conposite transmtting beam patterns using
results from several experinents conducted with three
different bottlenose dol phins.[Ref. 1] These plots show
t he dol phins’ maxi mrum frequenci es extendi ng no higher than
122 kHz. In 1997, researchers recorded Tursiops Truncatus
sounds containing frequencies as high as 500 kHz.[ Ref. 2]
The follow ng year, additional experinments confirmed the

exi stence of these high frequencies.[Ref. 3] Furt her
1



studi es again recorded and anal yzed these high frequency
em ssions.[Ref. 4] In addition to these three experinents,
sounds reaching 305 kHz have been recorded fromw ld white
beaked dol phins.[Ref. 5] These high frequencies may help

expl ain how mari ne mammal s enpl oy bi osonar.

B. RESEARCH MOTI VATI ON

Capti ve dol phins have experinmentally shown the ability
to successfully discrimnate between two cylindrical
targets that differ in wall thickness by less than 0.3
mm [ Ref. 6] The nethod Tursiops Truncatus uses to achieve
such high resolution remains unknown; the recently
di scovered high frequencies my play a part in
under st andi ng how these ani mal s’ sonar oper at es.
Scientists at SSC-SD are currently attenpting to engi neer a
bi om netic sonar system that duplicates the dol phins’ high
resol ution sonar.[Ref. 7] However, prior to producing a
dol phin-like sonar, a greater understanding of dolphin
echol ocation nmust be achieved. The results contained in
Chapter 1V provide new transmtting beam patterns that show
the spatial representation of energy at frequencies not

previ ously exam ned.

C. EXPERI MENT OBJECTI VES

The transm tting beam pattern experinents reported by
Au et al in Ref. 8 collected echolocation signals and
underwat er video inmages of a bottl enose dol phin stationed
on a bite bar. No definite tinme correlation between the

recorded i mages and sound signals existed. In the present
2



study, the author and Dr. Thomas Miir, of the Naval
Post graduat e School, conducted experinments in January 2002
at SSC-SD, in which transmtting beam patterns of two
Atl antic bottl enose dol phins were neasured. During these
experinments, for the first tinme in dolphin research,
echol ocati on sound signals were digitally tinme synchronized
with underwater pictures of a free-swinmmng bottlenose

dol phin taken using a subnerged video canera.

D. THESI S OUTLI NE

This chapter introduced the topic of biosonar,
previ ous Tursiops Truncatus transmtting beam patterns, and
the discovery of high frequency conponents in dolphin
echol ocation signals. The next chapter describes what is
presently known about the dol phin echol ocation system its
functionality, and the use of marine manmals in the U S
Navy. Chapter 111 details the present experinment
configuration and procedure. Chapter 1V discusses the raw
data, signal processing techniqgues used to analyze the
sel ected raw data and graphical representations of Tursiops
Truncatus’ transmitting beam patterns, including conmentary
on how the dolphin steers high frequency em ssions and
adj usts the energy content at specific frequencies to scan
a target. The final chapter discusses concl usions obtained
from this research and provides insight for future

experinments.
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1. DOLPH N ECHOLOCATI ON

A. THE DOLPHI N ECHOLOCATI ON SYSTEM

Marine mammals use sound for nmany purposes. The
research described in this thesis is concerned only with
sound signals used for echol ocation. During echol ocati on,
dol phins emt and receive sound waves, called “clicks”, in
a manner that allows the animal to "chart" the surroundi ng
environnent out to a distance of approximately 100
meters. [ Ref. 9] A graphical representation of an actual
click, emtted by a U S. Navy dolphin in San Diego,
California, is shown in Figure 1.

Signal Armplitude (W)

i i i i I i i i
1] S0u 1000 1500 200y 250u 3000 3500 400y

Time (51
Figure 1. Graphi cal representation of a single click dol phins

use to echol ocate objects.



Dol phi ns nobst commonly enmit groups of successive clicks,
comonly called “click trains”, an exanple of which is
shown in Figure 2.

It is thought that dol phins produce sound by actively
controlling the action in the nasal plugs. The sound

em ssions are a result of acoustic transients as air passes

Sondl Armpituicde: [walts)

R,

E0010im £E0.0m 0.0 0.0 0 m 50 0m 00 Im 0.0 1
Time (s=conds]
Fi gure 2. A click train is a group of clicks emtted in

“rapid-fire” succession.

bet ween the nasal plugs and walls of the nasal cavity [Ref.
10]. The sound is projected into the water after passing
t hrough the nelon (see Figure 3), wherein the emtted sound
can be steered to point at a target.[Ref. 11] The tissue
in the nelon and head act as a sonar “w ndow’, easily
coupling the projected sound fromthe animal directly into
the water. Research indicates the panbone, wthin the
| ower jaw, plays a significant part in the dolphin's
ability to receive sound signals.[Ref. 12]
6



Blowhole

Nasal

Rostrum

Figure 3. The basic anatony of a dol phin used in echol ocati on.
(After Ref. 13)

B. U S. NAVY MARI NE MAMVAL PROGRAM

The U.S. Navy's Marine Manmal Program incorporates
specially trained Atlantic and Pacific bottlenose dol phins
for defense agai nst conbat swimmers, for mne detection and
neutralization, as pictured in Figure 4, for the recovery
of exercise mnes and torpedoes, and for sundry other
duti es. These animals are “born and bred” in the U S
Navy. Currently, the U S. Navy is the only mlitary

service in the world that actively enploys nmarine manmmal s.

The species Tursiops Truncatus has a very reliable and
accurate sonar system for detecting mnes buried in ocean
sedi ments, although beluga (white) whales are equally

7



Figure 4. A nmenber of the U S. Navy Marine Mammal Systenis M
7 team marks a target mne on the ocean bottomin San
Di ego Bay. (From Ref. 14)

conpetent. Dol phins are used because of their exceptional
bi ol ogi cal sonar that is unmatched by man-nmade sonar in
detecting objects in the water columm, on the ocean bottom
and buried in ocean sedinment.[Ref 14] However, these
animal s are expensive to train and keep healthy. Vi | e
marine mammls have trenmendous capabilities, limting
factors such as environmental conditions and | ogistics can
hi nder their mlitary deploynent and effectiveness.
Al t hough the Navy's marine mamual s are very effective mne-
hunters, operational commanders desire area search rates
t hat would surpass the capabilities of dol phi ns.
Addi tional ly, the dol phins, being mamual s, becone fatigued
and nust of <course be fed and cared for by highly

specialized veterinarians and trainers. They are also



susceptible to harsh environmental conditions that can

hi nder their effectiveness.

A U S. Navy goal is to enploy a sonar system that
mmcs the dolphin's ability and produces conparable
results. In littoral warfare, the Navy and Marine Corps
need a nobile mne-hunting sonar system that can be
depl oyed in coastal waters, anywhere in the world. Such a
system would enable Anerican forces to better conduct
anphi bi ous operations in the projection of naval power

ashore.
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111. EXPERI MENT CONFI GURATI ON

A ACQUI SI TI ON SYSTEM
1. Hydr ophone and Canera Apparatus

Seven hydrophones and a small underwater canera,
pi ctured below, were used to collect data during the

experi nment.

Fi gure 5. | TC-1089D hydrophone and underwat er canera.

Al'l  seven hydrophones were omi-directional |TC-1089D
transducers that had an active 0.25” (diam) spherical |ead
zirconate titanate (PZT) sensing elenent, schematically
represented in Figure 6. The receiving response
characteristics for each hydrophone range from1l kHz to 390
kHz and are provided in Appendix A. Due to low Ilight
conditions in the dolphin's pen in San Diego, a small

underwater infrared canera was used to capture video
i mages. The seven hydrophones were arranged along a |ine
formation, separated by 9.0 = 0.2 cm To ensure proper
orientation throughout the experinment, each hydrophone was

secured firmy in grooved nounting brackets.
11
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Fi gure 6. Schemati ¢ showi ng the construction of |TC 1089D
hydr ophone.

The hydrophone assenbly was attached to a poly-vinyl
chloride (PVC) bDbracket which was clanped around the
cylindrical camera housing. The apparatus could be
configured for measurenents in either the horizontal plane,
as shown in Figure 7, or rotated 90° for a vertical

arrangenment, as illustrated in Figure 8.

Fi gure 7. Hydr ophone and camera apparatus configured for
measurenments in the horizontal plane.

12




Fi gure 8. Hydr ophone and camera apparatus configured for
measurenments in the vertical plane.

Lengt hs of PVC pipe were attached to the camera housing,
enabling the entire assenbly to be subnmerged to a depth of
two nmeters. \hen below the surface, the holl ow PVC pipes
filled with water.

When arranged in the horizontal plane, the central on-
axi s hydrophone was set just below the canera’s aperture;
in the vertical plane, the on-axis hydrophone was just a
couple millineters to the left of the aperture, as one
| ooked through the canera. |In both configurations, the tip

13



of the on-axis hydrophone is slightly visible but did not
di stort any acquired inmages.

2. Data and | mage Acquisition System

Anal og signals generated by the hydrophones were
electronically filtered and anplified. 8- pol e Bessel
filters, set for a high-pass configuration, passed all
frequenci es above 5 kHz. This setting bl ocked much of the
anbi ent noise present in San Di ego bay. Signals exiting
the filters fed directly into two National Instruments (N)
BNC- 2110 Desktop Adapters. Each BNC-2110 unit conmuni cated
directly with a NI PCl-6110E Data Acquisition (DAQ board
via a 68-pin input/output (1/0O connector. The PCl-6110E
DAQ board used a 12-bit analog to digital converter (ADC)
for each of the four sinmultaneously sanpled anal og
i nputs.[Ref. 15] The canera’ s video signal went through a
closed circuit television (CCTV), providing a live video
feed during the experinment, to a N PCl-1409 |I|nage
Acqui sition (1 MAQ board. The PCl-1409 | MAQ board is a
hi gh-accuracy, nonochrone board that acquires inmages in
real time.[Ref. 16] The hardware configuration is
schematically represented in Figure 9. The two DAQ boards
and the |IMAQ board were configured using software
instrunent drivers and Measurenent and Automati on Expl orer
(MAX) provided by NI . The software prograns, LabVIEW 6
(Full Devel opnment Systenm) and | MAQ Vision, controlled the
DAQ and | MAQ boards.

LabVIEW is a graphical progranm ng | anguage that uses
icons instead of lines of text to create applications and
14



uses dat afl ow programm ng, where data determ ne execution.
LabVIEWis fully integrated for conmuni cation with the DAQ
and | MAQ boards. A LabVIEW program is called a Virtual
| nstrument (VI) because its appearance and operation
imtates physical instrunents, such as oscilloscopes,

mul ti-nmeters and spectrum anal yzers. [ Ref. 17]

TARGET APPARATIIS ACQUISITION COMPUTEER
HYDROTHONES: =e— HFILTERS — BNC 21104 DAQ BOARD
UNDERWATER. IMAQ BOARD
ouostsn @ cony
Fi gure 9. Schemati ¢ di agram showi ng the acqui sition hardware

configuration used to record tinme synchroni zed bi osonar
signal s and underwater inmages.

In this experinment, the acquired sonar signals
directly correlated to the captured underwater imges of
t he dol phin as the animl echol ocated on the target. The
t hree boards were synchronized for sinmultaneous triggering
by transistor-to-transistor logic (TTL) on the common Real -
Time System Integration (RTSI) bus shared by all three
boar ds. The triggering and tinme synchronization was
verified in the ||aboratory prior to conducting the
experi ment. The VI used to control the data and i mge
acquisition during the experinent is provided in Appendi x
B
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In order to detect and record frequenci es extendi ng up
to 390 kHz, the data sanpling frequency (Fs) was set at 1.25
VHz . This sanpling rate met the Nyquist criteria, which
states that the maxi num detectable frequency (fnmax) equals
hal f the sanpling rate. The I MAQ board recorded 30 inmages

per second (ips).

B. EXPERI MENT PROCEDURE

Two different U. S. Navy Atlantic bottlenose dol phins,
named “Wenat chee” and “Nenp”, were used in this experinent.
The dol phins were required to echolocate a submerged
“target”, the hydrophone and canmera apparatus, using
bi osonar. A training target was used to train each dol phin
prior to conducting the actual experinent, at which tine
t he hydrophone and canmera apparatus was substituted for the
training target. Each dol phin was trained to swimfromthe
trainer, positioned at the starting |location, to the target
| ocation, touch the target with the tip of their rostrum
and return to the trainer. Upon touching the target, the
trai ner used an underwater buzzer to signal, or “bridge”,
the animal to return to the starting | ocation. The
fundament al goal of the experinment was for the dol phin to

| ocate the target using only its echolocating capabilities.

Several training runs were conducted to famliarize
the dol phin with the required task. A standard training
target, an alum num pole with a styrofoam sphere on one
end, was initially used to prevent any confusion on the

dol phin’s part. The dol phin swamtwo initial runs with no

16



vi sual constraints. Once the animal had successfully found
the target pole, a soft rubber cone or “eyecup” was pl aced
over one eye and two nore runs were conducted. After
successfully finding and touching the target pole, another
eyecup was placed over the second eye, as seen in Figure
10. The dol phin then swam a fifth run; with both eyes
conpletely covered, the animal echol ocated the target.

Fi gure 10. During the experinent, soft rubber eyecups prevented
U. S. Navy dol phin “Nenp” from seeing the target,
conpelling himto echolocate the target with his sonar
Upon each return to the trainer, the dol phin received

a fish reward, shown in Figure 11.

17



Figure 11. Tenporary Threshold Shift trainer, Nicole
Trushenski, rewards “Nemp” with fish after conpleting a
successful echol ocati on task.

For the experinent, the hydrophone and canera
apparatus replaced the target pole; it was intended that
the dol phin would echolocate primarily on the |argest
portion of the target which was the camera housi ng and PVC
cl ampi ng bracket. When the trainer sent the dol phin on an
experinmental run, the apparatus was subnerged in the water.
The sound of the apparatus entering the water gave the
dol phin a general direction in which to "ping". Just as
rehearsed in the training runs, the dolphin left the
starting location, echolocated the apparatus, touched it
and returned to the trainer for a fish reward. This was
the standard routine for the experinent. The hydrophone

and canera assenbly was often repositioned around the

18



dol phin pen in order to encourage the dol phin to echol ocate

the target in a new or different sector.

On the fourth day of the experinent, "white noise”
(broadband) signals were passed through a 135 kHz | ow pass
filter to a transmtting hydrophone that projected the
sound into the dolphin's pen. The sound source
(transmtter) was another |TC-1089D hydrophone, nounted
approxi mtely one neter above the canera, on the sane pole
as the other seven hydrophones and canera. The results of
this portion of the experiment will be discussed in the

next chapter.

For each echol ocation run, four seconds of data were
recorded and stored on hard disk. Each neasured “tri al
run” yielded 5 x 10° sanpl es per hydrophone, for a total of
3.5 x 107 sanples and 120 images. Over the course of four

days, nmore than 80 trial runs were recorded.

C. HYDROPHONE AND CAMERA APPARATUS TARGET STRENGTH

Foll owi ng the highly successful dol phin echol ocation
experinment, an additional experinment was conducted at the
Naval Postgraduate School to estimte the hydrophone and
canmera apparatus’ Target Strength (TS); TS is the nmeasured
ratio of the sound pressure of the scattered (reflected)
pul se referred to a range of one neter, to the sound
pressure of the incident pulse at the target. The sane
hydrophone and canmera apparatus used during the dol phin
echol ocation experinment served as the target, and was set
in the hori zont al configuration. The schematic

19



representation shown in Figure 12 illustrates the TS
experinmental set up.

R e S e B N U,
- —= 1 m e |-t =1 m
Projector Beceiver L/
HydrophonefCamera Apparatus

Figure 12. Experinment set up used to determ ne the hydrophone
and canera apparatus’ Target Strength.

Subrmerged in a 2m x 3m x 6m anechoic test tank, a standard
U S. Navy E27 hydrophone (projector) was positioned
approximately two meters in front of the target. An ITC
1089D hydrophone (receiver) was positioned approxinmtely
m dway between the target and the projector. For the
experiment, the projector emtted a single cycle pulse
ained at the target. The receiver sensed the projector’s
emtted pulse and the signal reflected off the target.
Measurenents were nmade at 100 kHz, 200 kHz, 300 kHz and 400
kHz. Figure 13 is a graphical representation of the
emtted 100 kHz signal and the reflected signal neasured by
t he receiving hydrophone.
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Figure 13. Wavef orm trace of the emtted and refl ected pul ses.
The ratio of the emtted signal to the echo signa
provi ded a crude approxi mati on of the hydrophone and
canmera apparatus’ Target Strength.

The echo signal was received approximately 1.3 nms |ater,
the tinme for a sound wave to travel two neters in water.
For the four sanpled frequencies, the reflected pressure at
a range of one neter was found to be approximately 8 to 10
percent (-22 to -20 dB) of the pressure incident on the
t ar get (hydrophone and canera apparatus). These
rudimentary results will be revisited in the next chapter
as they apply to data acquired when | ow frequency noi se was
injected into the dol phin' s pen.
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| V. EXPERI MENTAL RESULTS

A. RAW DATA

Thi s experi nent recorded time synchroni zed
echol ocation signals and underwater imges of a dol phin
swimmng directly toward the hydrophone array and canera
appar at us. Over the course of this experiment, it was
readily apparent that the dolphin's acquired experience
(self training) significantly affected the outcome of each
trial run. For this reason, an extensive ampunt of data
were collected, the nobst representative of which are
presented in this chapter. In each of the data sets
sel ected for analysis, photographic inmages are acconpani ed
by time synchronized echolocation click trains. Prior to
presenting experinmental results, a brief discussion

concerning data acquisition is given.

B. SI GNAL PROCESSI NG
1. Echol ocation Clicks
a. Si gnal Conposition

Unfortunately, despite years of naval research
consi derabl e wunresolved questions exist regarding the
conposition of an echol ocation click. Si gnal processing
techni ques used in this thesis analyzed the nmain portion of
the click, as highlighted in Figure 14. The analysis did
not include reverberation <contained in the signal's
trailing section, considered by some including Professor
Kamm nga [Ref. 18] and the present author, to be skel etal

echoes and perhaps resonances inside the dol phin's head.
23



They are not part of
probably do not

the active echolocation click and

contribute significantly to the animal’s
ability to effectively echol ocate.

Signal Amplitude ()

Fi gure 14. The hi ghlighted portion of the echol ocation click

contai ns nost of the emtted pulse’'s energy. The

click’s “tail” nmost likely results from skel eta
resonances and echoes within the dol phin’s head.

b. Refl ections Seen by On- Axi s Hydrophone

The raw data collected by the on-axis (0°)

hydr ophone shows interference that distorted the waveform

The canmera housing lens acted as a rigid boundary, which

inverted the phase of the incident wave upon reflection.

The reflection is easily seen by the second | arge anplitude
negati ve peak, circled in Figure 15.
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Fi gure 15. The signal collected by on-axis (0° hydrophone had
a | arge second negative peak due to the incident wave
reflecting off the canmera | ens and destructively
interfering with the incident sound wave.

Based on the hydrophone’s geonetry and distance from the
canera lens (1.1 £ 0.3 cm the reflected wave destructively

interfered with the incom ng wave after approximately 21

ns. None of the signals received by the other six
hydrophones exhibit this wave shape. This interference
nost |ikely accounts for many of the inconsistencies

observed at 0° in the resulting transmtting beam pattern
pl ot s. Specific instances where this applies wll be

poi nted out in the analysis portion of this chapter.
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cC. Tenpor al - Spectral Conversion

The DAQ boards digitized the analog signals
generated by each hydrophone. The dol phin's echol ocati on
transm ssions were now represented as discrete tine
sequence signals. A 1.25 MHz sanpling rate yielded one

data point every 0.8 ns. The discrete digital tinme domain

signals were all converted to frequency spectra using
LabVI EW VI s. The Scaled Tinme Domain Wndow VI applied a
Hanning Wndow to the tinme domain signal. The Zero Pad VI

added zeroes to the signal to make the discrete tine signal
a 64-point time sequence, in order to enploy a Discrete
Fourier Transform (DFT) routine (a DFT requires an input
sequence with 2" points). The Auto Power Spectrum VI used
DFT algorithnms to conpute the single-sided, scaled auto
power spectrum (V%) of a given time domain signal.[Ref.
19] The Spectrum Unit Conversion VI converted the power

spectrumto power spectral density (V% ./ Hz). A schematic

di agram showi ng this process is shown in Figure 16.

vzrms vzmsfHZ
Paw Time Signal @ Eg:g %
Scaled Zero Fad Auto Spectrum
Time VI Power Unlt_
Domain Spectrum Conversion
VI VI VI
Fi gure 16. Schematic representati on showi ng how LabVlI EW VI s

were enpl oyed to convert dol phin sonar signals, recorded
in the time domain, to the frequency spectrum
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The resultant frequency spectrum yielded discrete data
points every 19,531.25 Hz apart in 1 Hertz bins. Anplifier
gai n, hydrophone sensitivity, and range corrections were
then applied to yield the sound pressure spectrum (nPa% Hz).
In this thesis, processed sound signals represent the
dol phin's emtted “Energy Flux Spectral Density” (EFSD)
gi ven by

apPa’ § &l 6 2 pl 6
Q—+(Tsi gnal )9 - %rﬁ 7 &
e Hz g elrCg Z g

where Tsignar IS the time record length of the signal in
seconds and roc is the characteristic inpedance of water
(Pas/ m. In underwater acoustics, neasurenents are
commonly given in “levels”, which have units of decibels
(dB). The plotted transmtting beam patterns show the
recorded echol ocation clicks’ “Energy Flux Spectral Density
Level s” (EFSDL).

2. Under wat er | mages

It was difficult to clearly see the dol phin beyond a
range of 2.5 meters; Tursiops Truncatus blends well wth
its watery environment. The trainer painted a zinc oxide
cross on the dol phin's nelon, as shown in Figure 17, in an
effort to make the dolphin's head npre easily seen
underwater. In sone instances, the zinc oxide contrasted
well with the dol phin's skin in the inmges. However, in
many cases, sunlight scattered off the dol phin's nelon and

bl anked the zinc oxide stripes. The dol phin's eyecups
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proved to be the nost prom nent and easily recognizable
vi si bl e features.

Figure 17. U. S. Navy dol phin “Wnatchee” approaches the
hydr ophone and canera apparatus. In this photograph,
the dol phin is about 0.5 mfromthe canera and the zinc-
oxi de stripes are clearly visible.

VWil e the trainer held the dol phin still, calibration
pi ctures were taken at fixed ranges of one and two nmeters.
During the actual experinents, the dol phin's range was
estimated by conparing the nunber of pixels between eyecups
in the calibration pictures wth those selected for
anal ysi s. This range, conbined with the known distance
bet ween adj acent hydrophones, was used to determ ne the
proper azinmuthal extent for transmtting beam pattern
pl ots.

C. TRANSM TTI NG BEAM PATTERNS

In this section, the tenporal and spectral attributes
of echol ocation click trains fromsix different trial runs
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are shown. The spectral plots will clearly illustrate
Tursiops Truncatus' transmtting beam patterns, wth
speci al enphasis on the high frequency conponents. The
plotted transmtting beam patterns show each click’'s
EFSDLs, referenced to that click’s maximum EFSDL.
Mor eover, a subsequent exam nation of individual clicks’
waveforms will reveal the existence of the high frequency

component s.

1. Hori zont al Pl ane
a. Trial Run 1-3

Trial Run 1-3 is conprised of six pictures and 13
echol ocation clicks. This data set was the third trial run
on the first day of the experinent and was also the third
trial run with the hydrophone and canmera apparatus in the
hori zontal configuration. The selected click train segnent
is graphically shown in Figure 18; the acquired underwater
i mges are shown in Figure 19. In all six imges, the
sunlight scattered off Nenp's nelon and bl anked the painted
zinc oxide stripes, but his eyecups are very distinct. 1In
t hese i mages, the dolphin is conpleting a turn toward the
target; Nenp nade a wi de angl ed approach whil e echol ocati ng
the target. The resulting beam patterns are plotted in
Figures 20 to 22. In the first six clicks there is no
di stinct peak above 160 kHz at the center hydrophone. This
is most likely due to the destructive interference caused

by the canmera |l ens, as discussed earlier in the chapter

29



14.0-
12.0-
10,0~
g.0-
6.0-
4.0~
2l
0.0~

-2.0-

Signal Amplitude ()

-4.0-
6.0~
8.0-

-10.0 -

-12.0-

-14.0 - [ [ [ [ [ | [
0.0 25.0m 50.0m 75.0m 100.0rm 125.0rm 150.0m 175.0m
Time (5]

Fi gure 18. Trial Run 1-3 click train.

Throughout these 13 clicks, the frequency wth
the maximum EFSDL is wunm stakably 78 KkHz. However,
significant energy, contained in focused beans, is present
in frequencies as high as 293 kHz. In Cick 7, the 293 kHz
beamis centered on the -2.6° hydrophone. Subsequent clicks
show the dol phin shifted the 293 kHz beam to the -5.1°
hydr ophone. By Click 10, the 156 kHz, 195 kHz and 254 kHz
beans all centered on the -5.1° hydrophone. By Click 11,
all five plotted frequencies have peaks at the -5.1°

hydr ophone and have beconme noticeably narrower than those
sane frequencies' beanms in Click 1. In Clicks 12 and 13,
the 293 kHz beamis 18 dB | ower than the maxi num EFSDL.
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Image 1 Clicks 1-3 Image =2 Clicks 4-5

Fange: 2.00 m Bange: 2.00 m

Image 3 Clicks 6-8 Image 4 Clicks 9-10

Range: 2.00 m Fange: 2Z.00 m

Image 5 Clicks 11-1:2 Image & Click 13

Bange: 2.00 m Range: 2.00 m

Figure 19. Trial Run 1-3 inmages 1 through 6.
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Click 1 of 13
Elapsed Time: 0.00 ms

E : -60 dB

Click 2 of 13
Elapsed Time: 14.41 ms

E : -60 dB

Click 3 of 13
Elapsed Time: 28.34 ms

E : -60 dB

Click 4 of 13
Elapsed Time: 41.82 ms

E : -60 dB

Click 5 of 13
Elapsed Time: 55.14 ms

E : -60 dB

78 kH=

| 156 kHz

. 125 kHz

. 754 kH=

Fi gure 20.

Tri al

Run 1-3 Clicks 1 through 5.
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Click 6 of 13

Elapsed Time: 68.33 ms

E : - 60 dB

Click 7 of 13

Elapsed Time: 81.52 ms

E : - 60 dB

Click & of 13

Elapsed Time: 94.87 ms

E : - 60 dB

Click 9 of 13

Elapsed Time: 108.35 ms

E : - 60 dB

Click 10 of 13

Elapsed Time: 121.98 ms

E : - 60 dB

78 kHz

‘ 156 kH= . 125 EHz . ZE4 EH=

Figure 21

Tri al

Run 1-3 Clicks 6 through 10.
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Click 11 of 13 ) dB _737°
Elapsed Time: 135.94 ms )

-5.1
o
-0 dB 26
=" e
26"
51°
7.7
Click 12 of 13 ) B 77"
Elapsed Time: 150.60 ms 51"
o]
-0 dB 26
P="> it
26
“l..- 5.1°
i
Click 13 of 13 B _7.7°
Elapsed Time: 16622 ms 51°
[n]
7 | .26
=" o
2.6°
51°
7.7°
78 kH= 155 kH= . 125 kH= . 254 kH=
Fi gure 22. Trial Run 1-3 Clicks 11 through 13.

Figure 23 shows the waveformdifferences in Cick
13 as it was received at the 5.1° hydrophone, where the high
frequencies had significantly |ower EFSDLs than other
frequencies received at -5.1° where high frequency

conponents had maxi mum EFSDLSsS.
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Fi gure 23. Click 13 received at two different hydrophones
during Trial Run 1-3.

b. Trial Run 3-23

Tri al Run 3-23 was conducted late in the
afternoon on day three of the experiment; the click train
acconmpanyi ng these i mages spans slightly nore than 195 ns
and is displayed in Figure 24. The dol phin's zinc oxide
stripe is plainly visible in the six inages presented in
Fi gure 25. During his approach, “Nemp” rolled slightly
over to one side. By day three, “Nenmp” had conpl eted nore
than 40 trial runs before conducting this one. When
conpared to the signals shown in Trial Run 1-3, the plotted
hi gh frequency EFSDLs (Figures 26 to 35) are noticeably
| ower than those seen in Trial Run 1-3. In this click
train, the dol phin did not use the high frequencies while
echol ocat i ng.
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Fi gure 24. Trial Run 3-23 click train.

Al t hough sone of the high frequencies have narrow
transmtting beans they have |ow EFSDLs throughout the
click train; by click 37, nearly all of the energy is
contained in frequencies below 156 kHz. The plotted
frequenci es above 156 kHz have 25 dB differences fromthe
click’s maxi mum EFSDL at 58 kHz. In Trial Run 1-3, the
maxi rum EFSDL at 293 kHz was 18 dB | ower than the peak
EFSDL; in the trial run exam ned here, Trial Run 3-23, the
maxi mum EFSDL at 293 kHz is approximtely 35 dB | ower.
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Tmage 1 Clicks 1-6 Image 2 Clicks 7-11

Fange: 1.80 m Bange: 1.80 m

Iriage 3 Clicks 12-17 Image 4 clicks 18-24

Range: 1.73 m Range: 1.73 m

Image © Clicks 32-37

Image 5 Clicks 25-31

Range: 1.67 m Range: 1.67 m

Fi gure 25. Trial Run 3-23 imges 1 through 6.
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Click 1 of 37
Elapsed Time: 0.00 ms

p=—>

Click 2 of 37
Elapsed Time: 6.34 ms

I : -60 dB

Click 3 of 37
Elapsed Time: 12.60 ms

I : -60 dB

Click 4 of 37
Elapsed Time: 18.80 ms

I : -60 dB

60 dB

0dB _

72 kHz

. 1E& kH=

. 135 kH= . z25td4 kH=

Fi gure 26.

Tri al

Run 3-23 Clicks 1 through 4.
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Click 5 of 37

Elapsed Time: 24.95 ms

I : -60 dB

Click 6 of 37

Elapsed Time: 31.05 ms

I : -60 dB

Click 7 of 37

Elapsed Time: 37.10 ms

I : - 60 dB

Click & of 37

Elapsed Time: 43.07 ms

I : - 60 dB

78 kH=

. lte kHz

. 125 kHz

. zt4 kHz

Fi gure 27.

Tri al

Run 3-23 Clicks 5 through 8.
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Click 9 of 37 __UdB g5’
Elapsed Time: 48.97 ms

I : -60 dB

Click 10 of 37 ; 0dB _g5°
Elapsed Time: 54.86 ms

I : -60 dB

Click 11 of 37 0dB _g5°
Elapsed Time: 60.69 ms

I : -60 dB

Click 12 of 37
Elapsed Time: 66.48 ms

I : - 60 dB

72 kHz . 15& kH= . 135 kH= . k4 kHz . 233 kH=

Fi gure 28. Trial Run 3-23 Clicks 9 through 12.
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Click 13 of 37
Elapsed Time: ¥2.22 ms

I : - 60 dB

Click 14 of 37
Elapsed Time: ¥7.92 ms

I : - 60 dB

Click 15 of 37
Elapsed Time: 83.59 ms

I : -60 dB

Click 16 of 37
Elapsed Time: 89.20 ms

I : -60 dB

-30 dB

0dB .

0dB .

78 kHz

. 156 kHz

. 125 kHz= . Z54 kHz

Fi gure 29. Tri al

Run 3-23 Cicks 13 through 16.
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Click 17 of 37

Elapsed Time: 94.77 ms

I : - 60 dB

Click 18 of 37

Elapsed Time: 100.26 ms

I : - 60 dB

Click 19 of 37

Elapsed Time: 105.66 ms

I : - 60 dB

Click 20 of 37

Elapsed Time: 110.99 ms

I : -60 dB

0dB .

0dB .

72 kHz

. 156 kH=

. 125 kHz . 254 kH=

. 293 kH=

Fi gure 30.

Tri al

Run 3-23 Clicks 17 through 20.
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Click 21 of 37
Elapsed Time: 116.27 ms

I : -60 dB

Click 22 of 37
Elapsed Time: 121.50 ms

I : -60 dB

Click 23 of 37
Elapsed Time: 126.65 ms

I : -60 dB

Click 24 of 37
Elapsed Time: 131.74 ms

I : -b0 dB

72 kHz . 155 kH= . 125 kH= . 254 kH=z

Fi gure 31. Trial Run 3-23 Clicks 21 through 24.
43



Click 25 of 37

Elapsed Time: 136.75 ms

I : - 60 dB

Click 26 of 37

Elapsed Time: 141.6¥ ms

I : - 60 dB

Click 27 of 37

Elapsed Time: 146.50 ms

I : - 60 dB

Click 28 of 37

Elapsed Time: 151.25 ms

I : -60 dB

-10 dB

-10 dB_

0dB .

0dB .

0dB .

73 kHz

. 156 kHz . 135 kHz . z5h4 kH=

. 293 kH=

Fi gure 32.

Tri al

Run 3-23 Clicks 25 through 28.
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Click 29 of 37

Elapsed Time: 155.93 ms

I : -60 dB

Click 30 of 37

Elapsed Time: 160.57 ms

I : -60 dB

Click 31 of 37

Elapsed Time: 165.12 ms

I : -60 dB

Click 32 of 37

Elapsed Time: 169.62 ms

I : - 60 dB

0dB _

0dB _

0dB _

78 kH=

. 1te kHz

. 13E kHz= . ZEt4 kHz . 293 kHz

Fi gure 33.

Tri al

Run 3-23 Cicks 29 through 32.
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Click 33 of 37
Elapsed Time: 174.06 ms

I : -60 dB

Click 34 of 37
Elapsed Time: 178.43 ms

I : -60 dB

Click 35 of 37
Elapsed Time: 182.73 ms

I : -60 dB

Click 36 of 37
Elapsed Time: 186.95 ms

I : -b60 dB

. 72 kHz . 1E& kH= . 135 kH= . 254 kHz . z23 kHz

Fi gure 34. Trial Run 3-23 Clicks 33 through 36.
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Fi gure

Click 37 of 37 _ 10 dB
Elapsed Time: 195.06 ms -6.2"
L]
-60 dB -3.1
p=="> "
3.1°
6.2"
9.2
78 kH= 1lt& kHz . 135 kH=z
Fi gure 35. Trial Run 3-23 Click 37.

Figure 36 shows Click 4 received at the -2.9° and
2.9° hydrophones. Even though the peak frequency centered
on the 2.9° hydrophone, the high frequency EFSDLs are rather
insignificant. The difference in these two waveform shapes

is not nearly as drastic as the difference seen in Figure
23.

2,99 hydrophone - 2,99 hydrophone

Signal Amplitude ()
Signal amplitude (v

| | I 1 1 1 I | ] 1
20u 30u S0u 10u 20u 30u S0u
Time (s} Time (s}

36. Click 4 received at two different hydrophones during
Trial Run 3-23.
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C. Trial Run 3-26

Trial Run 3-26 was recorded shortly after Trial
Run 3-23. The 23 clicks collected in this data set are
depicted in Figure 37. An extra click appears am dst this
click train; this click came from a dolphin in the

nei ghboring pen. The vertical zinc oxide stripe is clearly

g.0-
6.0-
4.0-
2.0~
0.0-

.2||:|_

Signal Armplitude (%)

.4||:|_

.6||:|_

.BID_

-10.0 -

Click frowm neighboring dolphin

12,0 1 1 1 i 1 [
0.0 20.0m 40,0 60, 0m 80.0m 100, Oy 120, 0
Time (5]

Fi gure 37. Trial Run 3-26 click train.

visible in the four underwater inmages presented in Figure
38. Just as in Trial Run 3-23, the plots shown in Figures

39 to 46 show that high frequency conmponents do not

contribute greatly to the echol ocati on signal.
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Image 1 Clicks 1-5 Image 2 Clicks 6-11

Fange: 0.86 m Fange: 0.86 m

Irage 3 Clicks 12-19 Image 4 Clicks 2Z0-23

Fange: 0.56 Fange: 0.80 m

Fi gure 38. Trial Run 3-26 imges 1 through 4.

49



Click 1 of 23
Elapsed Time: 0.00 ms 1.7
.59°
-60 dB
p=="> v
59°
17"
173
-17.3°
Click 2 of 23
Elapsed Time: 7.05 ms 17"
.59°
p="> 3y
59"
1"z°
173
-17.3"
Click 3 of 23
Elapsed Time: 13.75 ms 17"
-5.9°
-60 dB
=" v
5.9
17"
173"

| 78 kHz . 156 kH=z . 125 kHz . Z54 kHz . 233 kHz

Fi gure 39. Trial Run 3-26 Clicks 1 through 3.
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0 dB -17.3

Click 4 of 23
Elapsed Time: 20.20 ms

0dB -17.3

Click 5 of 23
Elapsed Time: 26.43 ms

59"

0 dB 173"

Click 6 of 23
Elapsed Time: 32.47 ms

78 kHz . 1te kHz . 135 kHz . 254 EHz . 293 kEHz

Fi gure 40. Trial Run 3-26 Clicks 4 through 6.
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Click 7 of 23
Elapsed Time: 38.29 ms 1.7
-59°
-60 4B
=" v
59"
17°
173°
0dB -17.3"
Click 8 of 23
Elapsed Time: 43.94 ms 1177
-59°
-60 dB
P==_> v
59°
17"
17.3°
0dB -17.3"
Click 9 of 23
Elapsed Time: 49.46 ms 117"
-59°
-60 dB
=" ¢
59°
17"
173°

l. “ 72 kHz . 1L kHz - 195 kHz . 254 kHz . 292 kHz

Figure 41. Trial Run 3-26 Clicks 7 through 9.
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Click 10 of 23
Elapsed Time: 54.82 ms

Click 11 of 23
Elapsed Time: 59.98 ms

Click 12 of 23
Elapsed Time: 64.89 ms

78 kHz . 156 kHz . 125 kHz . £54 kHz

. £93 kHz

Fi gure 42. Trial Run 3-26 Clicks 10 through 12.
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0 dB -17.3°

Click 13 of 23
Elapsed Time: 69.59 ms

Click 14 of 23
Elapsed Time: 74.16 ms

-60 dB

=>

173
Click 15 of 23
Elapsed Time: 78.60 ms 117
-5.9°
-60 dB
P=="> ’
59°
17’
173"
l._“ 78 kH= . 156 kH=z . 155 kHz . ZE4 kH=z . £93 kH=
Fi gure 43. Trial Run 3-26 Clicks 13 through 15.
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0 dB -17.3

Click 16 of 23
Elapsed Time: 82.87 ms kG
-59°
-60 dB
=" o’
59"
17"
173"
0 dB -173"
Click 17 of 23
Elapsed Time: 87.02 ms 17’
5.9
-60 dB
=" o
59"
17"
173"

Click 18 of 23
Elapsed Time: 91.05 ms

-60 dB

p==_>

| 78 kHz . 156 kHz . 19E kHz . z2E4 kHz . £92 kHz

Fi gure 44. Trial Run 3-26 Clicks 16 through 18.
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0dB J173°

Click 19 of 23
Elapsed Time: 95.02 ms 177
-5.9°
-60 dB
P="> o
59°
1nz"
173"
-18.6"
Click 20 of 23 it
Elapsed Time: 98.94 ms
64"
-60 dB
p="> v
6.4"
127"
186"
-18.6°
Click 21 of 23 gt
Elapsed Time: 102.83 ms
-6.4"
-60 dB
= ¢
64"
127"
186"

]' 78 kHz . 156 kHz . 195 kHz . 254 kHz . 293 kHz

Fi gure 45. Trial Run 3-26 Clicks 19 through 21.
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Click 22 of 23
Elapsed Time: 106.74 ms

Click 23 of 23
Elapsed Time: 110.63 ms

72 kHz . 156 kEHz . 135 kHz . 254 kEHz

. 293 kH=

Fi gure 46. Trial Run 3-26 Clicks 22 and 23.
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For another look at click conparison, see Click
21 in Figure 47. Striking simlarities can be seen between

t he wavef orm shapes of the signals received at the -6.4° and

6. 4° hydrophones.

£.4° hydrophone - 6.4° hydrophone

mplitude (V)

< £,

Signal anmplitude (V)

| |
20u 30u
Time {5} Time ()

I I
20u 30u

Fi gure 47. Click 21 received at two different hydrophones
during Trial Run 3-26.
2. Vertical Plane
a. Trial Run 1-14

This trial run was the fourteenth trial run on
day one, but only the fifth run with the hydrophone and
canera apparatus in the vertical configuration. Figure 48
shows the 35 clicks that nake up the click train, while
Figures 49 and 50 display the acconpanying inmages in which
Nemo is shown to have nade a “flat” and direct approach to
the target. The eyecups are very prom nent and contrast
nicely with the dolphin and the water. Figures 51 to 59
show the plotted beam patterns of all 35 clicks in this

trial run.
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10.0-

3.0~

6.0-

G

2.0~

0.0~

-2.0-

Signal Amplitude ()

-4.0-

'E\.D_

-g3.0-

-10.0 - [ [ [ [ [ [
0.0 S0,0m 100.0m 150.0m 200.0m Z50.0m 310.0m

Time (5]
Fi gure 48. Trial Run 1-14 click train.

In Click 1, the EFSDL for frequencies above 250
kHz is barely noteworthy. However, by Cick 4, the dol phin

increased the EFSDL at the higher frequencies and
concentrated the 293 kHz beam on the -5.5° hydrophone. By
click 23, the 293 kHz beam was focused on the 0° hydrophone;

the abrupt flatness observed in Clicks 22, 23 and 24 are
nmost |ikely due to destructive interference caused by the
canera lens. Click 28 was centered on the 3.0° hydrophone
where the 293 kHz EFSDL increased 25 dB over that sane
frequency’s EFSDL in Cick 1. Between Cicks 4 and 35, the
dol phin has increased EFSDL by 10 dB in the 293 kHz beam
and steered narrow, high frequency transmtting beans nore

than 8° in elevation in less than 250 ns.
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Image 1 Click 1 Image =2 Clicks 2-4

Bange: 1.87 m Bange: 1.87 m

Image 3 Clicks 5-5 Image 4 Clicks 9-11

Fange: 1.87 m Fange: 1.80 m

Image & Clicks 12-15 Image 6 Clicks 16-19
™

Fange: 1.30 m Fange: 1.30 m
Fi gure 49. Trial Run 1-14 images 1 through 6
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Image 7 Clicks Z0-23 Imacge & Clicks 24-27

Bange: 1.80 m Fange: 1.73 m

Image 9 Clicks 28-31 Imace 10 Clicks 32-35

Range: 1.73 m Fange: 1.73 m

Fi gure 50. Trial Run 1-14 images 7 through 10.

Experi ments have shown dol phins can steer their
transmtting beams by noving only their nelon and not their
head. [ Ref. 11] It is not discernable frominmages in the
present experinment whether “Nenmb” noved his head while
scanni ng the hydrophone array or sinply used his nelon to
steer his transmtting beans. Since no other research has
pl otted Tursiops Truncatus’ high frequency transmtting

beam patterns, not nuch is known about this field of
resear ch.
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Click 1 of 35 0dB g5°
Elapsed Time: 0.00 ms 2

Click 2 of 35 ) 0dB g3°
Elapsed Time: 10.14 ms

‘@'ﬁ" E

Click 3 of 35 0dB g5°

-10 dB
Elapsed Time: 20.23 ms s : _

@'ﬁ" -

Click 4 of 35 10aqg _D4B g3
Elapsed Time: 30.29 ms g

@'E" B

78 kH= - 155 kHz . 195 kH=z

. ZE4 kH= . 293 kH=

Figure 51. Trial Run 1-14 Clicks 1 through 4.
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Click 5 of 35 0dB g,
Elapsed Time: 40.36 ms

Click 6 of 35 0dB g5°
Elapsed Time: 50.40 ms

@'ﬁ" E

Click 7 of 35 0dB g5°
Elapsed Time: 60.34 ms

@'ﬁ" E

Click & of 35
Elapsed Time: 70.26 ms

78 kHz l 156 kH= . 195 kH=

. ZE4 kH=

Fi gure 52. Trial Run 1-14 Clicks 5 through 8.
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Click 9 of 35 BB g5t
Elapsed Time: 80.05 ms

@'ﬁ" &

Click 10 of 35 DB 55°
Elapsed Time: 89.58 ms

Click 11 0f 35 DdB g5°
Elapsed Time: 98.83 ms :

@'Eu B

78 kHz . 156 kH= . 135 kH= . zE4 kHz

Fi gure 53. Trial Run 1-14 Clicks 9 through 11.
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Click 12 of 35

Elapsed Time: 107.89 ms

@'Eu e

Click 13 of 35

Elapsed Time: 116.75 ms

Click 14 of 35

Elapsed Time: 125.43 ms

@’m I

Click 15 of 35

Elapsed Time: 134.03 ms

72 kHz

i. 156 kHz . 125 kHz

. 254 kHz

Fi gure 54.

Tri al

Run 1-14 Clicks 12 through 15.
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Click 16 of 35
Elapsed Time: 145,67 ms

‘@m e

Click 17 of 35
Elapsed Time: 153427 ms

‘@'m E

Click 18 of 35
Elapsed Time: 162.76 ms

@'E“ &

Click 19 of 35
Elapsed Time: 171.18 ms

‘@ﬂ E

78 kHz [. 1L& kHz . 135 kHz . ZE4 kHz . z92 kHz

Fi gure 55. Tri al

Run 1-14 Clicks 16 through 19.
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Click 20 of 35
Elapsed Time: 179.48 ms

Q'm e

Click 21 of 35
Elapsed Time: 187.82 ms

Click 22 of 35
Elapsed Time: 196.24 ms

@'“ -

Click 23 of 35
Elapsed Time: 204.74 ms

78 kHz m 156 kHz

. 135 kH=z . 284 kHz

Fi gure 56. Tri al

Run 1-14 Clicks 20 through 23.

67



Click 24 of 35
Elapsed Time: 213.27 ms

@'m B

Click 25 of 35
Elapsed Time: 221.82 ms

Q_m B

Click 26 of 35
Elapsed Time: 230.37 ms

Click 27 of 35
Elapsed Time: 238.83 ms

78 kHz || lte kH= . 125 kHz

. £L£4 kH= . Z92 kHz

Fi gure 57. Tri al

Run 1-14 Clicks 24 through 27.
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Click 28 of 35
Elapsed Time: 247.21 ms

Click 29 of 35
Elapsed Time: 255.46 ms

Click 30 of 35
Elapsed Time: 263.47 ms

@_m B

Click 31 of 35
Elapsed Time: 271.37 ms

@_m r

—
78 kHz ﬂlSG kHz

. 135 kH= . £E4 kH= . £33 kHz=

Fi gure 58. Tri al

Run 1-14 Clicks 28 through 31.
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Click 32 of 35

Elapsed Time: 279.28 ms

Click 33 of 35

Elapsed Time: 287.13 ms

@_ﬁ" -

Click 34 of 35

Elapsed Time: 294,90 ms

Q_ﬁ" B

Click 35 of 35

Elapsed Time: 302.63 ms

@_ﬁ" 8

72 kHz

| 156 kHz

. 195 kHz . £&4 kH= . £33 kHz

Fi gure 59.

Tri al

Run 1-14 Clicks 32 through 35.
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These plots clearly illustrated the inverse relationship
between emtted frequencies and beam wi dth: as frequency
i ncreased, beam w dth decreased.

The beam pattern plot of Click 8 shows the
transmtting beam focused at -5.5° with very little energy
concentration at 5.5°. The differences in both wave shape
and anplitude, shown in Figure 60, are definite and clearly
show how t he echol ocation click's wave shape contains high
frequency conponents. Notice, the two waveforns have
significantly different shapes; the waveform with two
di stinct negative peaks has greater EFSDLs at the higher
frequencies, whereas the waveforns w thout this shape do

not contain the high frequency components to the sane
degr ee.

5.5° hydrophione - 5.5% hydrophone

Signal amplitude ()
Signal Amplitude (%)

| 1 | | 1 | | | |
20u 30U S0u 30u S0u
Time (s} Time (s

Fi gure 60. Click 8 received at two different hydrophones during
Trial Run 1-14.

By the end of the click train, the dolphin

focused his transmtting signal at 3.0°. Figure 61 again

shows how t he wavef orns containing high frequencies (3.0°)
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is radically different from that w thout high frequency
conponents (-3.0°).

2.0° hydrophone - 3.0° hydrophone

Signal Amplituds (4
Signal Amplitude (i)

1 1 1 1 1 1 ] 1
100 20u 30u 400 S0u 20u 30u 40u
Tirme (5 Time {s)

Fi gure 61. Click 32 received at two different hydrophones
during Trial Run 1-14.

b. Trial Run 1-18

23 clicks, shown in Figure 62, and nine inmages,
di splayed in Figures 63 and 64, conprise Trial Run 1-18.

This was the ninth trial run in the vertical configuration.

Signal amplitude (4)

1 1 1 1 1 1
50,0 100, Orn 150.0rn 200.0m 250.0m 290, 0m
Time (s}

Fi gure 62. Trial Run 1-18 click train.
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Image 1 Clicks 1-2 Image 2 Clicks 3-4

| "

Range: 1.00 m Range: 1.00 m

Image 3 Clicks 3-6 Image 4 Clicks 7-8

|

Range: 1.00 m Range: 1.00 m

Image 5 Clicks 9-11 Image & Clicks 12-14

1

Range: 0.93 m Range: 0.93 m

Figure 63. Trial Run 1-18 imges 1 through 6.
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Image 7 clicks 15-16 Image 8 Clicks 17-20
1 1

Range: 0.93 m Range: 0.93 m

Image 9 Clicks 21-23
L |

Fange: 0.93 m

Fi gure 64. Trial Run 1-18 imges 7 through 9.

Al t hough the dol phin has, once again, rolled over to one
side, this data set is still considered and anal yzed in the
vertical plane. Figures 65 to 72 show how the dol phin's
sonar signals change over a period of approximtely 276 ns.
In Cick 1, four of the five analyzed frequenci es have peak
EFSDLs at -10.2°. By Cdick 23, “Nemp” shifted the focus of
hi s echolocation click to the 16.1° hydrophone. The 293 kHz

beam focused somewhere between the 16. 1° hydrophone and the

10. 9° hydr ophone.
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Click 1 of 23
Elapsed Time: 0.00 ms

A

Click 2 of 23
Elapsed Time: 13.51 m

A

Click 3 of 23

Elapsed Time: 27.74 ms

f"—\.- -60 dB

60 dB

5
60 dB

0dB

0dB

-40 dH

0 dB

72 EkEHz

- 156 kHz

. 125 kHz . Z84 kH= . 293 kHz

Fi gure 65.

Tri al

Run 1-18 Clicks 1 through 3.
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10.2
Cli
ick4 nf.23 40 d
Elapsed Time: 42.17 ms 5.1
-60 dB
[IO
-5.1°
-102°
-15.1°
0dB  15.1°
10.2°
Cli
|ck50f.23 .40 dF
Elapsed Time: 56.74 ms 5.1°
-60 dB
[IO
-5.1°
-10.2°
-15.1°
0dB  15.1°
10.2°
Cli
|ckﬁnf.23 .40 dB
Elapsed Time: 71.31 ms 51°
-60 dB
[IO
-51°
-102°
-15.1°

72 kHz . 186 kHz . 155 kHz . 254 kHz . 293 kH=

Fi gure 66. Trial Run 1-18 Clicks 4 through 6.
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10.2
Click 7 of 23
- -40 dB .
Elapsed Time: §5.86 ms 5.1
-60 dB
l]l:l
-51°
-102°
-15.1°
0dB  15.1°
10.2°
Cli
ick 8 nf:'!3 40 d
Elapsed Time: 100.12 ms 5.1
-60 dB
[lO
-5.1°
-10.2°
-15.1°
0dB  16.1°
109
Click 9 of 23 .40 dB
Elapsed Time: 114.28 ms 55°
- 60 dH
[IO
-55"
-10.9°
-16.1°

78 kHz . 15¢ kHz . 12E kHz . 254 kHz . 293 kHz

Figure 67. Trial Run 1-18 Clicks 7 through 9.
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Click 10 of 23

Elapsed Time: 127.93 ms

f': -60 dB

Click 11 of 23

Elapsed Time: 141.26 ms

f'_\.- -60 dB

Click 12 of 23

Elapsed Time: 154.37 ms

f:\- -60 dB

0 dB

0 dB

78 kHz

. 1Ee kHz . 125 kHz

. 254 kHz . Z593 kH=

Fi gure 68.

Tri al

Run 1-18 Clicks 10 through 12.
78

16.1°

o

10.9



10.9
Click 13 of 23 e
Elapsed Time: 167.10 ms 55°
-60 dB
[ID
.5.5°
-109°
-16.1°
16.1°
10.9°
Click 14 of 23 Wi
Elapsed Time: 17938 ms 55°
-60 dB
[lO
-55°
-10.9°
-16.1°
16.1°
10.9°
Click 15 of 23 J—
Elapsed Time: 191.36 ms 55°
- 60 dB
I]D
-55"
-10.9°
-16.1°

. 78 kHz . 1EE kHz . 135 kHz . 254 kHz . 223 kHz

Fi gure 69. Trial Run 1-18 Clicks 13 through 15.
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Click 16 of 23
Elapsed Time: 203.07 ms

g

Click 17 of 23
Elapsed Time: 214.40 ms

f: -60 dB

Click 18 of 23
Elapsed Time: 225.34 ms

et

78 kHz . 156 kH= . 135 kH=

. ZE4 kHz . 233 kHz

Fi gure 70. Tri al

Run 1-18 Clicks 16 through 18.

80



10.9
Click 19 of 23 40 dB
Elapsed Time: 236.05 ms 55°
- 60 dB
UO
-55°
-10.9°
-16.1°
16.1°
10.9°
Click 20 of 23 it
Elapsed Time: 246.52 ms 55°
- 60 dB
[IO
-55°
-10.9°
-16.1°
16.1°
10.9°
Click 21 of 23 it
Elapsed Time: 256.71 ms 55°
- 60 dH
[ID
55"
-10.9°
-16.1°

78 kHz . 1Ee kHz . 155 kHz . ZE4 kH=z . Z93 kHz

Figure 71. Trial Run 1-18 Clicks 19 through 21.
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109
Click 22 of 23 40 dB
Elapsed Time: 266.63 ms 5.5
-60 dB
l]tl
.55
-10.9°
-16.1°
16.1°
10.9°
Click 23 of 23 .40 dB
Elapsed Time: 276.13 ms 5 5°
-60 dB
[ID
-55"
-109°
-16.1°

78 kH= 156 kEHz . 195 kHz . ZE4 kH= . £33 kEHz

Figure 72. Trial Run 1-18 Clicks 22 and 23.

Figure 73 shows a conparison of Click 1 received
at two different hydrophones. In this click, “Nenpn”

focused his sonar signal on the -10.2° hydrophone; the peak

anplitude is nore than ten tinmes greater than the peak
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anplitude seen at the 10.2° hydrophone, where the EFSDL at
293 kHz is practically 20 dB | ower than the 293 kHz EFSDL
at -10.2°. Again, it is observed that the waveform
containing high frequencies had two negative peaks in a
single cycle, whereas the signal received at 10.2° had a
single peak and no significant EFSDLs at the higher

f requenci es.

10,27 hydrophone - 10.2° hydrophone

Signal Amplitude (W)
Signal Amplitude ()

1 ] 1
30U S0u
Time (s} Time (s}

Figure 73. Click 1 received at two different hydrophones during
Trial Run 1-18.

Figure 74 shows two signals fromdick 18 where the 293 kHz
beamis focused at 10.9°, nore than 10 dB hi gher than that
received at -10.9°. Additionally, the 293 kHz beamis 30 dB
| ower than the signal’s peak EFSDL at 78 kHz.
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10.9° hydrophone - 10.9° hydrophone

Signal Amplitude {4}
Signal Amplitude ()

| ] 1 | 1 1 | 1 | 1
10u 20u 30u 40u S0u 200 300 S0u
Tirne () Time (s)

Figure 74. Click 18 received at two different hydrophones
during Trial Run 1-18.

Figure 75 shows two signals from Cick 23. Just
as in Click 18, there is not a tremendous difference
bet ween the peak anplitudes in the two signals, however the
293 kHz conponent is less than 20 dB | ower than the peak
EFSDL (78 kHz). This difference between the 78 KkHz
conmponent and the 293 kHz beam decreased by 10 dB between
Clicks 18 and 23.

10.9% hydrophone - 10.9% hydrophone

Signal Amplitude (V)
Signal Amplitude ()

I 1 I 1 | 1 1 1 1
200 300 S0y 10u 20u 300 400 S0
Time {5} Time (s}

Fi gure 75. Click 23 received at two different hydrophones
during Trial Run 1-18.
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C. Trial Run 4-2

Trial Run 4-2 was the second trial run recorded
on the final day of the experinent. Figure 76 shows the
click train's 38 clicks with an additional click from"dd
Ben", a dol phin in the adjacent pen. The first inmage in
Figure 77 and 78 show “Nenp” al nost conpletely rolled over
to one side. In this trial run, noise was injected into
the water in an effort to test the dolphin's sonar
capability. The resulting transmtting beam patterns are

plotted in Figures 79 to 91.

12.0-
10,0+
g.0-
6.0-
4.0~
Z.0-

0.o-

Signal Amplitude ()

-2.0-

.4I|:|_

.GID_

-5.0-

4————— Click from neighboring dolphin
-10.0- | | | | | | 1 | | |
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Time {s)

Fi gure 76. Trial Run 4-2 click train.
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Image 1 Clicks 1-3 Image 2 Clicks 4-8

Tmage 3 Clicks 9-14 Trnage 4 clieks 15-19

Range: 1.27 m Bange: 1.20 m

Image 5 Clicks 20-2g Image 6 Clicks Z27-33

Range: 1.20 m Bange: 1.20 m

Figure 77. Trial Run 4-2 imges 1 through 6.
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Image 7 clicks 34-38

Range: 1.13 m

Figure 78. Trial Run 4-2 inmage 7.

Thr oughout nost of the click train, “Nenp” ained
his transmtting beam on the 4.3° hydrophone. At no tine
during the click train does the EFSDL at 293 kHz decrease
nore than 20 dB from the click's peak EFSDL. This trial
run is an excellent exanple of how the dol phin focused
narrow, high frequency beans to echol ocate the target, in
t he presence of |ow frequency nmaski ng noi se.

87



Click 1 of 38 8.1
Elapsed Time: 0.00 ms ¥
4.1
-60 dB
[ID
-4.1°
-8.1°
-12.0°
0dB 120°
Click 2 of 38 8.1°
Elapsed Time: 6.87 ms o
4.1
-60 dB
I]D
0
-8.1°
-12.0°
0dB 120"
Click 3 of 38 8.1"
Elapsed Time: 13.75 ms 4
4.1
-60 dB
[ID
-4.1°
o
-12.0°

78 EH= 156 kHz . 195 kH= . 254 kHz

Fi gure 79. Trial Run 4-2 Clicks 1 through 3.
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Click 4 of 38 8.1
Elapsed Time: 20.58 ms "
4.1
-60 dB
I]El
-41°
-8.1°
-120°
12.0°
Click 5 of 38 8.1"
Elapsed Time: 27.31 ms <
4.1
-60 dB
I]El
-41°
-8.1°
-120°
0dB 120"
Click 6 of 38 8.1"
Elapsed Time: 34.00 ms ¢
4.1
-60 dB
I]D
-41°
-81°
-12.0°

72 kHz ! 186 kHz . 135 kHz . 254 kHz . Z33 kHz

Fi gure 80. Trial Run 4-2 Clicks 4 through 6.
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Click 7 of 38 8.1
Elapsed Time: 4070 ms .
4.1
-60 dB
l]!:l
-4.1"
-8.1"
-12.0°
DdB 124"
Click 8 of 38 g.1°
Elapsed Time: 47 .35 ms 2
4.1
-60 dB
l]!:l
41"
-8.1"
-12.0°
0dB 120"
Click 9 of 38 8.1"
Elapsed Time: 53.87 ms .
4.1
-60 dB
l:Il:l
B 5 B
-8.1°
-12.0°

—
72 kHz 156 kHz . 125 kH= . £&54 kHz . £33 kHz

Fi gure 81. Trial Run 4-2 Clicks 7 through 9.
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Click 10 of 38 8.1
Elapsed Time: 60.29 ms "
4.1
-60 dB
I]D
41"
81"
-12.0°
0dB 120°
Click 11 of 38 8.1"
Elapsed Time: 66.60 ms .
4.1
.60 dB
I]D
-4.1°
g
-12.0°
0dB 120°
Click 12 of 38 8.1"
Elapsed Time: 72.83 ms i
4.1
-60 dB
[ID
-4.1°
284"
-12.0°

78 kHz ﬁ 156 kH=z= . 135 kH= . ZE4 EHz=

Fi gure 82. Trial Run 4-2 Clicks 10 through 12.
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Click 13 of 38 8.1
Elapsed Time: 78.99 ms .
4.1
-60 dB
l]D
-4.1"
-8.1"
-12.0°
0dB 120°
Click 14 of 38 8.1"
Elapsed Time: 85.09 ms 5
4.1
-60 dB
l]El
B 5 B
-8.1°
-12.0°
0DdB q27°
o
Click 15 of 38 8.3
Elapsed Time: 91.14 ms L
43
-60 dB
l]D
-4.3"
85"
127"

72 kHz . 186 kEHz . 135 kHz . 254 kH=

Fi gure 83. Trial Run 4-2 Clicks 13 through 15.
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0dB 127"

Click 16 of 38 8.5
Elapsed Time: 97.13 ms .
43
-60 dB
I]Cl
-43"
-85"
127"
0dB 127"
1]
Click 17 of 38 8.5
Elapsed Time: 102.98 ms 4
43
-60 dB
I]Cl
-43"
-85"
127
0dB 127°
o
Click 18 of 38 8.5
Elapsed Time: 108.64 ms 2
43
-60 dB
I]Cl
-43"
-85"
127"

78 kHz I. 156 kHz . 155 kHz= . z54 kHz . 293 kHz

Fi gure 84. Trial Run 4-2 Clicks 16 through 18.
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Click 19 of 38

Elapsed Time: 114.12 ms

f: -60 dB

Click 20 of 38

Elapsed Time: 119.46 ms

f: -60 dB

Click 21 of 38

Elapsed Time: 124.69 ms

f: -60 dB

72 kHz

. 1Le kHz

. 155 kH= . z5b4 kHz

Fi gure 85.

Tri al

Run 4-2 Clicks 19 through 21.
94



Click 22 of 38 8.5
Elapsed Time: 129.81 ms .
43
60 dB
I]Cl
-4.3"
-85"
127"
127"
=]
Click 23 of 38 8.3
Elapsed Time: 134.83 ms "
43
-60 dB
I]El
.43
85"
AET"
0dB 127°
=}
Click 24 of 38 8.5
Elapsed Time: 139.75 ms .
43
-60 dB
I]D
.43
-85°
123"

72 kHz . 156 kEHz . 135 kHz . k4 kHz . £33 kHz

Fi gure 86. Trial Run 4-2 Clicks 22 through 24.
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0dB 127°

Click 25 of 38 8.3
Elapsed Time: 144,59 ms "
43
-60 dB
l]D
-43°
-85"
127"
0dB 127"
o
Click 26 of 38 8.3
Elapsed Time: 149.37 ms
43
-60 dB
I]l:l
-43"
-8.5"
I 1 3
0dB q27°
o
Click 27 of 38 8.5
Elapsed Time: 154.14 ms .
43
-60 dB
I]El
-43"
.85"
127"

72 kHz . 15& kH= . 135 kH= . £54 kHz

. £33 kH=

Fi gure 87. Trial Run 4-2 Clicks 25 through 27.
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Click 28 of 38 8.5
Elapsed Time: 158.85 ms :
43
- 60 dB
l]tl
-4.3"
.85"
127°
0dB q27°
o
Click 29 of 38 8.3
Elapsed Time: 163.49 ms 5
43
-60 dB
uD
.43
.85"
127"
DdB q27°
[n]
Click 30 of 38 8.3
Elapsed Time: 168.09 ms :
43
-60 dB
l]tl
43"
-8.5"
127"

78 kHz m 156 kHz= . 135 kHz . Z54 kHz . 2393 kHz

Fi gure 88. Trial Run 4-2 Clicks 28 through 30.
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Click 31 of 38

Elapsed Time: 172.64 ms

f\-..—: -b60 dB

Click 32 of 38

Elapsed Time: 177.15 ms

f: -60 dB

Click 33 of 38

Elapsed Time: 181.63 ms

f: - 60 dB

72 kHz=

.| 1E& kH=

. 135 kHz . 25t4 kHz

Fi gure 89.

Tri al

Run 4-2 Clicks 31 through 33.
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0dB 134"

Click 34 of 38 wl
Elapsed Time: 186.05 ms 15°
-G0 dB '
I]D
45"
290
-13.4°
0dB q34°
Click 35 of 38 2
Elapsed Time: 190.42 ms 15°
-60 dB '
l]D
45"
90"
-13.4°
0dB 134"
Click 36 of 38 e
Elapsed Time: 194.75 ms 45°
-60 dB '
I]D
45"
90"
-134°

78 kH=z l 1586 kHz . 135 kH= . Z54 kHz

Fi gure 90. Trial Run 4-2 Clicks 34 through 36.
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0dB 134°

[e)
Click 37 of 38 30
Elapsed Time: 199.05 ms 15°
-60 dB -
l]D
-4.5
-9.0°
-134°
13.4°
Click 38 of 38 20
Elapsed Time: 203.33 ms 15°
-60 dB .
l]lJ
-45°
-9.0
-134°

78 kHz 15& kH= . 135 kH=z . ZE4 kHz . Z93 kHz

Fi gure 91. Trial Run 4-2 Clicks 37 and 38.

Conparison signals are shown in Figures 92 and
93. The peak anplitude and wave shape of the 4.1° tine
domai n signal once again show the existence of the high
frequency signals in Click 9. The two signals acquired in
Click 21 at 4.3° and -4.3° al so accentuate the differences

in signals between those that do contain high frequencies
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(4.3°) and the instances where high frequency conponents are

absent .

Signal Amplitude ()

Fi gure 92.

Signal Amplitude (%)

Click 9 received at two different

4,17 hydrophone

| |
30u S0u

Time {5)

Tri al

4.3° hydrophone

- 4.1° hydrophone

Signal Amplitude ()

1
30u
Time (s}

Run 4- 2.

- 4,37 hydrophone

Signal Amplituds ()

|
S0u

hydr ophones duri ng

I
400

I 1
200 S0
Time (=)

1 I I
20u 30u S0u

Time {s)

I
10u

Fi gure 93. Click 21 received at two different

during Trial Run 4-2.

hydr ophones

EFSDLs at 390 kHz clearly show the dol phin has

the capabilities to actively use frequenci es al npost
times higher

three
t han previously docunented Tursiops Truncatus

sound em ssions to echol ocate a target.
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Fi gures 94 through



106 show plots of the signal’s peak frequency (78 kHz) and
the 390 kHz conponent.

0dB 120"
Click 1 of 38 8.1"
Elapsed Time: 0.00 ms 5
4.1
.60 dB
I]D
41
JHHT
-12.0°
0dB 120"
Click 2 of 38 81"
Elapsed Time: 6.87 ms :
4.1
-60 dB
I]D
41"
-8.1"
-120°
0dB 120"
Click 3 of 38 81"
Elapsed Time: 13.¥3 ms :
4.1
-60 dB
I]D
41"
-8.1"
-120°

. 73 kHz . 330 kHz

Fi gure 94. Trial Run 4-2 Clicks 1 through 3.
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0dB 120"

Click 4 of 38 8.1
Elapsed Time: 20.58 ms %
4.1
- 60 dB
l]D
4’
-8.1"
-12.0°
0dB 120"
Click 5 of 38 8.1"
Elapsed Time: 27.31 ms )
4.1
-60 dB
[ID
-41°
BT B
-12.0°
0dB 120°
Click 6 of 38 g.1°
Elapsed Time: 34.00 ms .
4.1
-60 dB
l]D
“41°
BT
-12.0°

. 783 kHz . 330 kHz

Fi gure 95. Trial Run 4-2 Clicks 4 through 6.
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Click 7 of 38 8.1
Elapsed Time: 40.70 ms =
4.1
-60 dB
l]!:l
£ 1
-8.1°
-12.0°
0dB 120"
Click § of 38 g.1"
Elapsed Time: 47.35 ms i
4.1
-60 dB
l]El
-4.1"
-8.1°
-120°
120"
Click 9 of 38 g.1"
Elapsed Time: 53.87 ms A
4.1
-60 dB
l]!:l
-4.1°
-8.1"
-12.0°

. 78 kEHz . 390 kHz

Fi gure 96. Trial Run 4-2 Clicks 7 through 9.

104



0dB 120°

Click 10 of 38 8.1
Elapsed Time: 60.29 ms ”
4.1
-60 dB
I]El
AT
-8.1°
-120°
12.0°
Click 11 of 38 g.1"
Elapsed Time: 66.60 ms 3
4.1
-60 dB
l]tl
41"
-8.1"
-12.0°
0dB 120"
Click 12 of 38 g.1"
Elapsed Time: ¥2.83 ms .
4.1
-60 dB
I]El
-41°
-8.1°
-120°

. 72 kHz . 290 kHz

Fi gure 97. Trial Run 4-2 Clicks 10 through 12.
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0dB 120°

Click 13 of 38 8.1
Elapsed Time: 78.99 ms o
4.1
.60 dB
I]D
41"
_ga"?
-120°
0dB 120°
Click 14 of 38 8.1"
Elapsed Time: §5.09 ms .
4.1
-60 dB
[ID
-4.1°
84"
-12.0°
0dB 127"
o
Click 15 of 38 8.5
Elapsed Time: 91.14 ms
43
-60 dB
[ID
43"
.85"
N i

. 78 kHz . 390 kHz

Fi gure 98. Trial Run 4-2 Clicks 13 through 15.
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0dB 127°

Click 16 of 38 8.5
Elapsed Time: 97.13 ms ¢
43
-60 dB
I]D
-43"
-85"
BT
0dB q27°
Q
Click 17 of 38 8.5
Elapsed Time: 102.98 ms .
43
-60 dB
I]El
-43°
-85"
izt
0dB 127"
=]
Click 18 of 38 8.3
Elapsed Time: 108.64 ms §
43
-60 dB
I]El
.43
-85°
AT

. 72 kHz . 390 kHz

Fi gure 99. Trial Run 4-2 Clicks 16 through 18.
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Click 19 of 38 8.3
Elapsed Time: 114.12 ms .
43
60 dB
l]lJ
.43
85"
B I
127"
[n]
Click 20 of 38 8.5
Elapsed Time: 119.46 ms .
43
-60 dB
l]D
.43
.85"
ATE"
0dB q27°
o
Click 21 of 38 8.3
Elapsed Time: 124.69 ms "
43
-60 dB
l]\:l
-4.3"
85"
127"

. 73 kEHz . 390 kHz

Fi gure 100. Trial Run 4-2 Clicks 19 through 21.
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0dB 127"

Click 22 of 38 8.5
Elapsed Time: 129.81 ms "
43
-60 dB
I]D
-43"
.85"
127"
0dB 127°
o
Click 23 of 38 8.5
Elapsed Time: 134.83 ms .
4.3
.60 dB
I]D
-4.3°
-85"
127"
0dB 127"
o
Click 24 of 38 8.5
Elapsed Time: 139.75 ms "
4.3
-60 dB
[ID
-43"
.85"
AZT"

. 78 kHz . 290 kHz

Fi gure 101. Trial Run 4-2 Clicks 22 through 24.
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12.7

Click 25 of 38 8.3
Elapsed Time: 144.59 ms 4
43
-60 dB
l:IIZI
-4.3°
85"
123"
127"
Click 26 of 38 8.5
Elapsed Time: 149.37 ms 5
43
-60 dB
l]lJ
-4.3"
85"
123"
0dB q27°
[n]
Click 27 of 38 8.3
Elapsed Time: 154.14 ms ’
43
-60 dB
l]\:l
.43
-85"
127"

. 72 kEHz . 290 kHz

Fi gure 102. Trial Run 4-2 Clicks 25 through 27.
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Click 28 of 38 8.5
Elapsed Time: 158.85 ms .
43
-60 dB
I]D
43"
-8.5"
127"
127"
0]
Click 29 of 38 8.5
Elapsed Time: 163.49 ms
43
-60 dB
I]D
-4.3"
-85"
127"
123"
0]
Click 30 of 38 8.5
Elapsed Time: 168.09 ms
4.3
-60 dB
I]D
A"
-8.5"
127"

. 78 kHz= . 3390 kH=z

Fi gure 1083. Trial Run 4-2 Clicks 28 through 30.
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Click 31 of 38 8.5
Elapsed Time: 172.64 ms .
4.3
.60 dB
[ID
-4.3"
-8.5"
ATE"
0dB 127°
o
Click 32 of 38 8.5
Elapsed Time: 177.15 ms =
4.3
-60 dB
[ID
A"
-85°
127"
0dB 127°
1]
Click 33 of 38 8.5
Elapsed Time: 181.63 ms .
4.3
-60 dB
[ID
-4.3"
-8.5"
127"

. 78 kH= . 330 kH=z

Fi gure 104. Trial Run 4-2 Clicks 31 through 33.
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DdB 134"

]

Click 34 of 38 Sl

Elapsed Time: 186.05 ms 15°
-60 dB .

I]Cl

-4.5°

-9.0°

-134°

0dB 134°

Click 35 of 38 ol

Elapsed Time: 190.42 ms 15
-60 dB .

I]Cl

45"

-9.0°

-13.4°

0dB 134°

Click 36 of 30 Al

Elapsed Time: 194.75 ms 15°
-60 dB .

I]Cl

-4.5°

-9.0°

-13.4°

. 72 kHz . 390 kHz

Fi gure 105. Trial Run 4-2 Clicks 34 through 36.
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Click 37 of 38 )

Elapsed Time: 199.05 ms 15°
- 60 dB .

I]D

-45°

-9.0°

-13.4°

13.4°

Click 38 of 38 #

Elapsed Time: 203.33 ms 15°
- 60 dB -

I]D

-45°

-9.0°

-13.4°

. 72 kHz . 350 kH=

Fi gure 106. Trial Run 4-2 Clicks 37 and 38.

From plotted transmtting beam patterns for this
trial run, it is speculated that the injected broadband
noi se masked the dol phin’s |lower frequencies and required
himto rely on the higher frequencies during echol ocati on.
Results fromthe TS experinment, described in Chapter 111,
showed that for a single cycle 100 kHz pul se at a range of
1 neter, the hydrophone and canera apparatus reflected
approxi mately 8 percent of the incident pressure. 1In this
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trial run, “Nenp” was approximately 1.2 neters from the
target; the reflected pressure, at this range, was
approximately 7 percent of the pressure incident on the
hydr ophone and canmera apparatus. The estimated click train
of reflections and the actual recorded echol ocation click
train are plotted in Figure 107. The tine between the
reflected clicks and the recorded clicks was calculated to
be approximately 1.6 ns, the two way travel time for an
echolocation click to |l eave the dolphin’s nelon, strike a
target at a range of 1.2 neters and return to the dol phin

Signal Amplitude (%)

44— Click from neighboring dolphin

-10.0 -
IZI.IIZI 2D.|Elm 4D.|Elm EuIZl.IEIm EEEI.IIZIm IDDI.Dm 12E||.Dm 14DI.Dm IEuDI.IZlm 18E|I.Elm IZDSI.EIIT_I
Time (5)
Fi gure 107. Trial Run 4-2 click train with specul ated return

signal of each incident echol ocati on em ssion.

Plotted transmtting beam patterns for Click 31
(Figures 89 and 104) show significant EFSDLs at frequencies

up to 390 kHz. Figure 108 shows the recorded maxi mum
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echolocation «click anplitude, the estimated nmaximum
anplitude of the echo and the maxi num anplitude of the
noi se present in the water for Click 31. The maxi num
anplitude of the noi se exceeds the maxi num anplitude of the
echo signal. The injected broadband noise was limted to
bel ow 135 kHz. Even though the dol phin’s peak EFSDLs were
at 78 kHz throughout the click train, significant EFSDLs
transmtted in narrow high frequency beans provide
substanti al evidence that “Nenp” successfully overcane the
| ow frequency noise by utilizing frequencies higher than
135 kHz.

Emitted =signal —p

Hoise

|

Signal Amplitude (%)

Speculated return =ignal from
hydrophone fcamera apparatus

i i ] i i ] I
168.9m 170.0m 171.0m 172.0m 173.0m 174.0m 175.0m

Time (=)
Fi gure 108. Graphical representation of Click 31's maxi mum

anplitude (received at the hydrophones) and the
specul at ed maxi mum anplitude of the echo signal.
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D. CLI CK RATES

Figure 109 shows el apsed tinme vs. the nunber of clicks
and the clicks per second (cps) for all six trial runs.
When “Nenp” did not use high frequencies, he clicked tw ce
as fast as when the high frequency conponents were present
in the echol ocation signals. When broadband noise was
projected into the water, the dolphin emtted the high
frequencies and clicked nearly twice as fast as when he

used the high frequencies when no noi se was present.

I I I 1 I 1 1 I I I 1 1
14 16 18 20 22 24 26 23 30 32 34 36 38
Tokal Clicks

=
I —
N
(=]
oo —
i
=
—
[

Trial Rum 1-3 (78 cps)
Trial Run 1-14 {116 cps)
Trial Run 1-18 (83 cps)
Trial Fun 3-23 (190 cps)
Trial Run 3-26 (208 cps)
Trial Run 4-2 (187 cps)

Fi gure 109. El apsed tinme vs. nunmber of clicks and the cal cul ated
clicks per second (cps) for all six trial runs.
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E. ANALYSI S OF RESULTS

The transmtting beam patterns plotted in the previous
section provide conprehensive evidence, not only of the
presence of high frequency conponents in dol phin sonar
signals, but also how the dolphin used high frequency
signals while actively echolocating targets. When hi gh
frequencies are present, the raw data waveforns show that
t he dol phin emts a di fferent shaped wavef or m
Additionally, the dolphin adjusted the energy output at
different frequencies, as well as steering narrow, focused
transm ssion beans. Previously docunented Tursiops
Truncatus transmtting beam patterns do not include
frequenci es higher than 130 kHz. Clearly, biosonar signals
t hat exceed 130 kHz play an inportant role in echol ocation.
The research presented in this thesis suggests frequencies
extending up to 390 kHz shoul d be included in dol phin-based
sonar systens, <currently being engineered by research
scientists.
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V. CONCLUSI ONS AND RECOMVENDATI ONS

A CONCLUSI ONS

The results presented in this thesis clearly show t hat
the bottl enose dol phin not only generates high frequencies,
but uses themto echolocate and scan targets. |f engineers
are going to develop sonar systens based on the
capabilities and nethods used by mari ne mammal s, then these
hi gh frequencies should be incorporated in their biom netic

sonar system desi gns.

B. RECOMVENDATI ONS FOR FUTURE EXPERI MENTS

1. Addi ti onal Studies in Dol phin Echol ocation

This thesis showed significant differences in dol phin
sonar signals when echol ocati on tasks becanme routine. In-
depth studi es should be conducted to conpare the energy
content during routine echol ocation tasks and the energy
present when the dol phins work hard to echol ocate a target.
Frequency masking experiments, where noise is used to test
t he dol phin’s echolocating abilities will give scientists
better insight into the capabilities and limtations of
Tursiops Truncatus’ sonar. Additionally, Target Strength
experinments, simlar to the sinple one conducted in this
thesis, should be refined and inproved. Final |y,
scientists need a better understanding of the reflected
signal the dol phin receives, specifically at the higher

frequencies examned in this thesis.
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2. Experi ment Variation

Dol phins are extrenely intelligent animls; after
numerous trial runs both dol phins became quite famliar
with the target. As shown in Trials 1-3, 1-14 and 1-18
“Nenp” exerted nore energy across a broader spectrum when
echol ocating an unfamliar target whereas in Trial Runs 3-
23 and 326, the mpjority of the energy present in the
signal spanned a smaller frequency range, indicating the
dol phin did not need to produce the high frequency signals
to receive the sane fish reward. Trial Run 4-2 chall enged
t he dol phin by flooding the water with | ow frequency noi se.
Future experinents should <continually <challenge the
dol phin, conpel l'i ng t he ani mal to maxi m ze hi s

capabilities.

3. Dat a Acqui sition Equi pnent

First, the on-axis hydrophone nust be better | ocated
on the hydrophone array; valuable information was |ost due
to reflections off the canera |lens. Secondly, DAQ and | MAQ
boards require a trenendous anount of conputing power.
Future experinments should utilize the nost recent
commercial conputing technology available to maxim ze
efficiency and minimze wait tinme as the conputer processes
and stores large data files. Also, this experinent used a
seven- hydrophone array that could be positioned in either
the horizontal or vertical planes. Fol | ow on experinents
should use nmore hydrophones to record signals in both
pl anes sinul t aneously. In addition to increased sonar

signal acquisition capability, nore underwater caneras
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shoul d al so be used. A |low power |aser, nmounted in a soft
rubber cone, simlar to the -eyecups wused in this
experinment, could be placed on the dolphin's rostrum this
would give greater accuracy in determning where the
dol phin's head pointed during echol ocation. Finally, a
better transmtting noise source wll allow future
experinments to task the dol phin nore heavily and test the

dol phin’s echol ocati on capabilities.
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APPENDI X A. | TG 1089D RECElI VE RESPONSE
CHARACTERI STI CS

2174 2175 2178 2188

Fi gure 110. Pl acenent of hydrophones (by serial nunber).

Receive Sensitiviey (dE re YiuPa)
S ; ;
o
2
IIII

1 1 I 1 1 1
150k 200k, 250k, 300k, 350k, 400k
Frequency [Hz]

Fi gure 111. | TC 1089D S/ N 2177.
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Receive Sensitivity (dE re Y/uPa) Receive Sensitivity (dE re YiuPa)

Receive Sensitivity (dE re Y juPa)

sk 100k

Figure 112.

i ]
S0k 100k

Figure 113.

i ]
S0k, 100k

Fi gure 114.

1 1 I
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1 1 I
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| TC 1089D S/ N 2180.

1 1 1
150k 200k 250k
Frequency (Hz)

| TC 1089D S/ N 2175.
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Receive Sensitivity (dE re Y/uPa) Receive Sensitivicy (dE re YiuPal

Receive Sensitivity (dE re YiuPal

] I
Sk, 100k

Fi gure 115.
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Fi gure 116.
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Figure 117.
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